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INTRODUCTION
Aging is a dynamic process, where morphological, biochemical, functional and psychological changes occur (Saez Carriera et al., 2007) . The changes in the oral cavity can be related, among other causes, to diseases of the tissues that support the teeth and to decay, with tooth loss being the most frequent result. Tooth loss can alter the esthetic, phonetic and masticatory function, in addition to producing multiple alterations to the homeostasis of the stomatognathic system (Saez Carriera; Matus López 2006; San Martín et al., 2002) . Thus, the difficulty in chewing and swallowing results in a perception of reduced quality of life (Saez Carriera et al.; McKenna & Burke 2010; Budtz-Jørgensen, 1999) , which is exacerbated in older adults.
In terms of rehabilitation treatment for people with tooth loss, it has been described that, due to various factors, removable prostheses, complete or partial, can present horizontal and/or vertical movements during function, which causes unilateral mastication with an oscillating motion that impairs prosthetic retention, affects the stability of the occlusal contacts and, therefore, modifies the chewing process (Rosado De Oliveira et al., 2005) . A study conducted with kinesiography compared the duration of the masticatory cycles in partially dentate patients rehabilitated with removable and implant-supported prostheses, and the conclusion was that the time of each cycle was significantly shorter in patients with removable partial prostheses (Gonçalves et al., 2014) . The chewing action of implant-supported patients with a prosthesis has mainly been studied using electromyography. Some authors have shown that in these patients there is no significant change in the coordination of the masticatory muscles; however, these present a unique chewing pattern because they activate the muscles on the working and balancing sides simultaneously (Gartner et al., 2000) .
The mandibular movements (MM) can be classified as margin and functional (Okeson et al., 2008) . The former were described by Posselt in 1958 and are determined by the joint anatomy and its ligaments (Okeson et al.; Posselt, 1958) .The latter, meanwhile, correspond to the chewing process, defined as a complex function that depends on the coordination of the various muscles of the head and neck, with the participation of a specialized neurological control designed to regulate and coordinate the activities of the entire masticatory system (Okeson et al.) . A wide variety of methods has been used to study these movements, most of which are two-dimensional recording systems (Yamashita & Hatch,1999; Yoshida et al., 2007; Bourdiol & Mishellany 2014; Fulks et al., 2017) , which supposes a major constraint when analyzing complex processes that occur in three dimensions. In the interest of solving this limitation, technologies classically used in areas such as the study of speech have been applied to the study of MM. Thus, three-dimensional (3D) electromagnetic articulography (EMA) has been positioned as a useful tool for the thorough study of these movements, as it is characterized as having a minimum range of error and being comfortable for the participants (Fuentes et al., 2015 (Fuentes et al., , 2017a . Recently, 3D EMA was used to describe border and masticatory movements in young participants with normal occlusion, providing quantitative data regarding the area where the movements occur, their trajectory and the speed of the mandible (Fuentes et al., 2017b) . These data allow us to delve more deeply into the classic description of MM in the literature, leading to a new and better understanding of chewing patterns. This same purpose could be applied to the study of MM in other oral conditions and to a better understanding of the change produced by tooth loss and oral rehabilitation. Accordingly, the aim of this study was to describe threedimensionally the geometric (trajectory and areas) and kinematic (speed) characteristics of border and masticatory MM in participants with different types of prosthetic rehabilitation. The comparison between participants with different types of dental prostheses will allow us to enhance understanding of how masticatory function is affected when teeth are gradually lost and when these are rehabilitated.
MATERIAL AND METHOD
A descriptive study was has been conducted in full accordance with the World Medical Association Declaration of Helsinki. Conducted with approval from the Scientific Ethics Committee of Universidad de La Frontera (Protocol Nº 038/2016). The geometric and kinematic characteristics of the border and masticatory MM were described using the AG501 3D EMA (Carstens Medizinelektronik, Bovenden, Germany) on a sample of ten adults with removable dental prostheses and implant-supported overdentures who signed the respective informed consent. The participants were distributed as follows: Group 1: two subjects with an average age of 53 ± 24.71 years, with complete upper and lower removable prostheses (CRP); Group 2: four subjects with an average age of 64 ± 12.28 years, with complete upper and partial lower removable prostheses (CRP-P); and Group 3: four subjects with an average age of 72 ± 9.12 years, with complete upper prostheses and mandibular overdenture with two implants (CRP-I). All the participants were treated at the University Dental Clinic by students in their last year of the dentistry program specializing in Oral Rehabilitation at the Universidad de La Frontera. Each of the participants was contacted and invited to participate in this study 6 months after being discharged from dental treatment. It was confirmed that each participant had prosthetic and phonetic stability, and presented no signs or symptoms of temporomandibular disorders (ruled out by applying a clinical examination and self-reporting test recommended by the American Academy of Orofacial Pain) (McNeill, 1993) .
Preparation of the participant. The previously reported recording protocol for MM and mastication designed by our research group was used (Fuentes et al., 2018) . For the recording with the EMA 3D AG501, 4 sensors were used at specific points on the participant's head and fixed to the skin with a biocompatible tissue adhesive (Epiglu®, EuroKlee S.L., Barcelona, Spain). The sensors were fixed to the: right mastoid (1st), left mastoid (2nd), glabella (3th) and mandibular interincisal midline (4th). The first 3 sensors were used as a reference system to standardize the spatial coordinates of the mandibular sensor that records the movement (Fuentes et al., 2017a, b; 2018) .
Recording of the movements and data processing.
Once the sensors were placed, the participants were seated in a comfortable position, with an upright posture and facing front under the transmitter coils of the articulograph. Prior to instruction and testing, each participant was asked to perform a series of movements with their jaw. The set of movements is described (Fuentes et al., 2018) , and make up the socalled Posselt's envelope of motion in the frontal and sagittal plane. This series of movements was performed three times while being recorded with the articulograph. Then, each participant was asked to chew and completely swallow 3.7 g of peanuts (Gonçalves et al.,) while the movement was also recorded with the articulograph.
From the records obtained with the 3D EMA, it was possible to collect quantitative data of the movement by processing them with calculation routines using the Matlab software (The MathWorks Inc., USA) (Fuentes et al., 2017b ). Thus, it was possible to calculate the opening trajectory (mm), areas of Posselt's envelope of motion in the frontal and sagittal plane (mm 2 ), number of masticatory cycles, average area of the masticatory cycles in the frontal and sagittal plane (mm 2 ), ratio between the area of the masticatory cycles and the area of the border movement, average frequency of the masticatory cycles (cycles/s) and average mandibular opening and closing speed during mastication (mm/s).
Statistical analysis.
For the statistical analysis, SPSS 23.0 (IBM) was used. The Shapiro-Wilk test was applied to determine the normality of the data. The data with normal distribution were presented with the mean ± standard deviation, and a one-way ANOVA was applied to analyze differences between the groups, followed by the Bonferroni post hoc test. A value of p<0.05 was used as the threshold for significance.
RESULTS

Opening trajectory
The average mandibular opening trajectory for the group with CRP (n=2) was 52.56 ± 8.22 mm, for the group with CRP-P (n=4) 57.96 ± 12.23 mm and for the group with CRP-I (n=4) 65.69 ± 4.41mm (Table I) . No significant differences were found between the groups (p=0.075).
Area of Posselt's envelope of motion in the frontal and sagittal plane.
The average area of the polygon of Posselt's envelope of motion in the frontal plane for the group with CRP (n=2) ( Fig. 1 A) was 155.88 ± 112.46 mm 2 , for the group with CRP-P (n=4) ( Fig. 1 B) 221.09 ± 163.75 mm 2 , and for the group with CRP-I (n=4) ( Fig. 1 C) 318.27 ± 68.82 mm 2 . There were no significant differences between the groups (p=0.208). The average area of Posselt's envelope of motion in the sagittal plane (Fig. 2) for the group with CRP (n=2) ( Fig. 2 A) was 158.62 ± 68.43 mm 2 , for the group with CRP-P (n=4 (Fig. 2B ) 96.43 ± 40.64 mm 2 , and for the group with CRP-I (n=4) (Fig. 2C) 132.27 ± 81.57 mm 2 (Table II ). There were no significant differences between the groups (p=0.161).
Number of masticatory cycles. The average number of masticatory cycles performed to crush 3.7 g of peanuts for the group with CRP (n=2) was 78.50 ± 16.26, for the group with CRP-P (n=3) 69 ± 37.16, and for the group with CRP-I (n=4) 72.25 ± 32.09. There were no significant differences between the groups (p=0.948). The data of one of the participants in the group with CRP-P were excluded from the analysis due to difficulties for the correct mastication and crushing of the food. Average area of the masticatory cycles in the frontal and sagittal plane. The average area of the masticatory cycles analyzed in the frontal plane and performed by the participants in the group with CRP (n=2) was 39.22 ± 4.07 mm 2 , in the group with CRP-P (n=3) 19.99 ± 8.11 mm 2 and in the group with CRP-I (n=4) 26.36 ± 8.21 mm 2 . There were no significant differences between the groups (p=0.085). Meanwhile, the area average of the masticatory cycles analyzed in the sagittal plane and performed by the participants in the group with CRP (n=2) was 10.90 ± 5.82 mm 2 , in the group with CRP-P (n=3) 9.94 ± 0.56 mm 2 and in the group with CRP-I (n=4) 8.87 ± 1.67 mm 2 (Table II) . There were no significant differences between the groups (p=0.682).
Ratio between area of the masticatory cycles and area of the border movement. The ratio between the area of the masticatory cycles and the area of Posselt's envelope of motion was calculated for the frontal and sagittal planes, respectively. The average of this ratio in the frontal plane for the group with CRP (n=2) was 0.35 ± 0.28, for the group with CRP-P (n=3) 0.09 ± 0.06 and for the group with CRP-I (n=4) 0.08 ± 0.02. There were no significant differences between the groups (p=0.092). Meanwhile, the average of this same ratio, but in the sagittal plane, for the group with CRP (n=2) was 0.08 ± 0.07, for the group with CRP-P (n=3) 0.12 ± 0.07 and for the group with CRP-I (n=4) 0.09 ± 0.04 (Table II ). There were no significant differences between the groups (p=0.695). Frequency of the masticatory cycles. The average mastication frequency (cycles per second) for the group with CRP (n=2) was 1.70 ± 0.04 cycles/s, for the group with CRP-P (n=3) 1.27 ± 0.11 cycles/s and for the group with CRP-I (n=4) 1.43 ± 0.36 cycles/s (Table I ). There were no significant differences between the groups (p=0.280).
Mandibular opening and closing speed during mastication. The average speed of mandibular opening during mastication for the participants in the group with CRP (n=2) was 67.86 ± 14.08 mm/s, for the group with CRP-P (n=3) 56.97 ± 21.18 mm/s and for the group with CRP-I (n=4) 51.40 ± 16.38 mm/s. There were statistical differences between all the groups (P= <0.05). Meanwhile, the average speed of mandibular closing during mastication for the participants in the group with CRP (n=2) was 59.30 ± 12.60 mm/s, in the group with CRP-P (n=3) 50.23 ± 23.37 mm/s and in the group with CRP-I (n=4) 52.05 ± 15.10 mm/s (Table  II ). There were significant differences between the groups with CRP and CRP-I (P= <0.001). In the ratio between ascent and descent between each group, a statistically significant difference was only found in the groups with CRP (P= <0.001) and CRP-P (P= <0.001).
DISCUSSION
Previous studies have shown that partially edentulous subjects maintain the presence of periodontal mechanoreceptors in the remaining teeth, related to the transmission of tactile and pressure sensitivity (Guyton & Hall, 1997; Trulsson, 2006) . By contrast, completely edentulous subjects have lost the sensitivity of the periodontal mechanoreceptors entirely; nevertheless, they maintain the mucosal mechanoreceptors in the gingival and palatal mucosa. In those subjects with (complete or partial) removable prostheses, coverage of the mucosa causes a series of functional disturbances that give rise to altered movement patterns during mastication. In spite of this, few studies refer to these alterations or to the effect of prosthetic treatments on masticatory function (Gonçalves et al.; Kodaira et al., 2006; Tallgren et al., 1989; Jemt et al., 1983a) . In our study, these movements are characterized in relation to the type of rehabilitative treatment.
As a result of the border MM, Posselt's envelope of motion was obtained in the frontal and sagittal plane for the three groups with prosthetic rehabilitation. In the analysis of the average areas of the polygons, we emphasize that in the frontal plane this value fluctuated between 236.14 mm 2 and 302.27 mm 2 , whereas in a previous study conducted with young subjects (aged between 18 and 22 years) dentate with a class I normal occlusion (Fuentes et al., 2017b) , the area of Posselt's envelope of motion in the frontal plane varied between 391.44 mm 2 and 566.67 mm 2 . This indicates a clear reduction in the extreme movements in those subjects with prosthetic rehabilitation, which is accentuated in the group with CRP, whereas in the group with CRP-I the values closest to the values described in dentate subjects with normal occlusion were obtained. This pattern is also repeated for the sagittal plane, where the group with CRP-I recorded the largest areas of movement. This reduction in the range of motion may be due to the aging of the joint in geriatric patients, where the articular disc tends to perforate with age, which is why proprioceptive activity decreases and affects the control of movements (Díaz et al., 2012) . On the other hand, the proximity of the values of the subjects with CRP-I to the values of dentate subjects with normal occlusion can be explained by the better prosthetic retention, support and stability in this group, reflected in a better performance of the mandibular movements (Lauzardo et al., 2013) . An in vivo study demonstrated that implant-supported subjects with removable partial prostheses have greater force and a larger contact area, offering increased comfort and improving the chewing process compared to conventional prostheses (Holm & Gotfredsen, 2002; Ohkubo et al., 2008) . Lepley et al. (2011) , study conducted an study with the Optotrak 3020H (Northern Digital, Waterloo, Ontario, Canada), determined the masticatory kinematics in participants with class I and defined between 30 and 35 masticatory cycles as being the required number to swallow. A study recently performed by our team using an EMA established that the number of masticatory cycles for young people with class I normal occlusion was between 9 and 24 cycles (Fuentes et al., 2017b) . According to our results, a subject with CRP performs between 67 and 90 cycles for a correct crushing of 3.7 g of peanuts, in the group with CRP-P it was between 30 and 104 and for the group with CRP-I it was between 42 and 114. These results are consistent with what has been reported in the literature, where it is indicated that subjects with dental prostheses perform an increased number of masticatory cycles because they have reduced or null peripheral sensitivity due to the loss of the periodontal mechanoreceptors. Consequently, these patients generally develop strategies to overcome the difficulties when chewing by choosing foods that are softer and easier to crush, which is very common in subjects with complete prostheses (Slagter et al., 1993; Woda et al., 2006; N´Gom & Woda, 2002) . Hence, it is not uncommon to find that one of the study participants has had difficulties chewing the 3.7 g of peanuts as requested.
In order to analyze the chewing process in subjects with a prosthesis, the mastication area in the frontal and sagittal plane was described for the three groups. In the frontal plane, the smallest area recorded was in the group with CRP-P with19.99 ± 8.11 mm 2 , while the largest area recorded was found in the group with CRP with 39.22 ± 4.07mm 2 . In 2014, Goncalvez et al. conducted a study where they evaluated the MM in subjects with removable complete and partial prostheses using kinesiography, and described the areas for each type of test food (peanut and Optocal) in the frontal and sagittal plane. In the case of the peanut, an average area in the frontal plane for the subjects with removable complete prostheses was reported as 58.5 ± 32.5 mm 2 , while for the subjects with removable partial prostheses it was 160.6 ± 52 mm 2 . For the sagittal plane, our results revealed an area for the group with CRP of 10.9 ± 5.82 mm 2 and 9.94 ± 0.56 mm 2 for the group with CRP-P, while Goncalvez et al., reported areas of 12.5 ± 2.5mm 2 and 17.5 ± 7.5 mm 2 , respectively. The difference in the results of the two studies could be explained by the type of measuring instrument used, since the kinesiograph, due to its morphological characteristics, can cause alterations in the recordings and restrictions in the movement, inducing possible measurement errors. The EMA, on the other hand, has an accuracy of 0.3 mm described in the literature (Kaburagi et al., 2005) and specified by the manufacturer, and is considered to be a safe and noninvasive way to study human movements (Kuruvilla et al., 2007) . Another factor that could affect this difference in the areas of the masticatory cycles is the design of the prosthesis and its condition.
When analyzing the opening speed and comparing it between the study groups (CRP, CRP-P and CRP-I), significant differences were shown between them, with the fastest average speed being for the group with CRP and the slowest for CRP-I, whereas in mandibular closing, there were only significant differences between CRP and CRP-I. This may be due to the group with CRP-P being the one with the greatest data dispersion, and since there is no specific classification of the edentulous areas of this group, it is not possible to establish that this variable distribution in speed is due to the tooth-prosthesis ratio. On the other hand, the average speed of the masticatory cycles for all the groups with prosthetic rehabilitation was greater in mandibular reduction, which agrees with Goncalvez et al., who, using peanut as the test food, assessed the opening and closing speed in subjects with removable complete and partial prostheses. The first group registered maximum speeds of 128.2 ± 43 mm/s and 92.8 ± 26.7 mm/s respectively and the subjects with the removable complete prosthesis was 157.4 ± 35 mm/s and 132.2 ± 37.5 mm/s respectively. These data are greater than those yielded in our study, and this difference in average speeds in the two studies can be explained, as with the results in the areas of the masticatory cycles, by the measuring instrument used, the type and condition of the prostheses. Wilding & Shaikh (1997) complements this with their report that greater speed of mandibular acceleration during opening and closing is associated with a smaller particle size as well as the stabilization of the prosthesis (Wilding & Shaikh; Karlsson & Jemt 1991) . A comparison of the opening and closing speed for each group found that there were only significant differences in the groups with CRP and CRP-P, and that the subjects with CRP registered the fastest speeds. These data do not agree with those reported by Jemt et al. (1983) who described subjects with complete prostheses as generally increasing the number of masticatory cycles and reducing the speed of the movements compared to the subjects with removable partial prostheses, who exhibit a faster mastication speed. This disparity in the two studies can be explained by the difference in test foods used, the measuring instrument and the study sample participants.
Subjects with dental prostheses, regardless of the type, they showed reduced ranges of motion (border and functional) compared to dentate subjects with no functional alterations whose values have been reported in the literature (Fuentes et al., 2017b) . This difference decreases in subjects with CRP-I, who have values closer to those described for young dentate subjects, because this type of prosthesis improves sensory perception, offering greater comfort, stability and retention in those who wear them. According to our results, subjects with dental prostheses also have increased mastication frequency and speed, with smaller and faster masticatory cycles.
